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DISPLAY DEVICES WITH INTEGRATED CONTROL ELEMENTS AND 
METHODS OF MAKING DEVICES 

BACKGROUND OF THE INVENTION 

1. Field pf Invention 

This invention relates to display devices. This invention also relates to 
methods of making display devices. 

2. pescriptjon of Related Art 

Transmission-type, liquid-crystal display devices are currently the main stream 
of the liquid-crystal display devices. These devices require a back-light source on the 
back of the liquid crystal, the devices consume large amounts of power. In contrast, 
reflective-type, liquid-crystal display devices display an image by reflecting a light ray 
incident on the devices from an external light source, such as sunlight or room 
illumination, and thereby need no back-light source that consumes substantial power. 
Because of this feature, reflective-type 7 liquid-crystal displays operate on a 
substantially smaller power consumption level, and are thus expected to be 
incorporated in electronics used outdoors, such as portable telephones or portable 
information terminals. 

In addition, reflective-type display devices have already found applications in 
projectors that use an external light source. A high-resolution feature is required for a 
display device that is incorporated in a projector. As the display device becomes high 
itf resolution, the size of a unit pixel becomes small. For instance, a diagonally 0.9 
inch VGA (video graphics array) display of 640 x 480 (307,200) pixels has a pixel 
size of about 28,6 [Am. A SVGA (super video graphics array) display of 800 x 600 
(480,000) pixels has a pixel size of 22.9 |iim; an XGA (extended graphics array) 
display of 1024 x 768 (786,432) pixels has a pixel size of 17.8 \m; and a UXGA 
(ultra high extended graphics array) display of 1600 x 1200 (1920,000) pixels has a 
pixel size of 11.4 Mm. 

Reflective-type, liquid-crystal display devices are constructed by successively 
stacking a transparent electrode, a liquid crystal, an array of pixel electrodes that 
reflect incident light from an external light source, and an array of control elements 
for controlling the alignment of the liquid crystal on the respective pixel electrodes. 
An example of the construction of reflective-type, liquid-crystal display device is 
described in U.S. Patent 6,049,132, which was co-invented by this inventor, hereby 
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incorporated by reference in its entirety. Further, an example of the construction of a 
projector using reflective-type display devices is described in U.S. Patent 5,757,054, 
hereby incorporated by reference in its entirety. 

A disadvantage of the conventional reflective-type display device is discussed 
with reference to Figs. 11-13. 

Fig. 11 is a circuit diagram showing a portion of a conventional liquid-crystal 
display device including four rows by four columns of control elements. Each of the 
control elements 14 includes a switching circuit 28 including a PMOS transistor 24 
and an NMOS transistor 26 connected in parallel. The pixel electrode, the liquid 
crystal, and the transparent electrode are connected between one terminal of the 
switching circuit 28 and the ground. 

The gate of the PMOS transistor 24 and the gate of the NMOS transistor 26 
are respectively connected to a pair of row drive lines 16 in each switching circuit 28 
in the direction of the row, i.e., the horizontal direction in Fig. 11, in the control 
element 14. Each switching circuit 28 in the direction of the column, Le., in the 
vertical direction, is configured with one terminal thereof connected to the respective 
pixel electrodes and the other terminal commonly connected to a column drive line 
18. 

Fig. 12 shows the layout of the display device of Fig. 11. Fig. 13A and Fig. 
13B respectively show the layout and the circuit diagram of a single pixel. The shape 
of the unit pixel is typically square, although rectangulax-shaped pixels with various 
aspect ratios may be utilized depending on the intended use. hi any case, an aspect 
ratio of the pixel, or a ratio between the horizontal and vertical pitches of the pixel 
electrodes, may not be arbitrary determined, but is determined by the intended use. To 
configure the unit pixel in a square, or a fixed aspect ratio rectangular shape, the area 
of each control element should also be designed in the square shape, or in the fixed 
aspect ratio rectangular shape. 

In many cases, a liquid-crystal display device requires higher operation voltage 
than the operation voltage of standard logic devices to drive a liquid crystal. 
Therefore, it is difficult to miniaturize the control element beneath the layer of the 
pixel electrode. Further, the square, or the fixed aspect ratio rectangular shape, of the 
pixel adds to the difficulty of miniaturizing the pixel. That is, when a practically 
available transistor design rule is implemented, a layout with a minimum space may 
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require a rectangular area that does not match the shape of the pixel electrode. This 
presents difficulty in design of the control elements with a minimum area. 

SUMMARY OF TTTR TNVRNTTQN 

Accordingly, it is an object of this invention to provide display devices, which 
overcome above-described disadvantages of known display devices. 

It is a further object of this invention to provide display devices that include an 
array of control elements corresponding to an array of pixel electrodes even when the 
shape of an area to form a control element does not match the shape of the pixel 
electrodes. 

Exemplary embodiments of the display devices according to this invention 
comprise: a semiconductor substrate; an array of control elements formed on the 
semiconductor substrate; and an array of reflective pixel electrodes arranged in rows 
and columns, the array of pixel electrodes is stacked over the array of control elements 
so that each of the control elements controls a state of reflection of a corresponding 
one of the pixel electrodes. In the display devices, the control elements are arranged 
in a first direction that makes an angle greater than zero and smaller than a right angle 
with a direction of the rows, and in a second direction perpendicular to the first 
direction. 

Preferably, the state of reflection is controlled by one of (i) controlling 
alignment of a liquid-crystal layer disposed over the corresponding one of the pixel 
electrodes, and (ii) controlling an angle of the corresponding one of the pixel 
electrodes. 

Preferably, embodiments of die display devices further comprise a converter. 
The converter receives a video signal including a series of image data in an order 
corresponding to the rows and columns of the pixel electrodes, and converts the order 
of the series of image data in the received video signal in accordance with 
correspondences between rows and columns of the array of control elements and the 
rows and columns of the pixel electrodes. Preferably, the array of control elements 
includes first drive lines extending in the first direction and second drive lines 
extending in the second direction. 

Preferably, the array of control elements includes row drive lines extending in 
a direction of the rows of the array of the pixel electrodes, and column drive lines 
extending in a direction of the columns of the array of the pixel electrodes. 



Other exemplary embodiments of the display devices according to this 
invention comprise: a semiconductor substrate; an array of control elements arranged 
in rows and columns formed on the semiconductor substrate; and an array of reflective 
pixel electrodes arranged in rows and columns with a first pitch and a second pitch. 
The array of pixel electrodes is stacked over the array of control elements so that each 
of the control elements controls a state of reflection of a corresponding one of the 
pixel electrodes. The control elements are arranged in same directions of the rows and 
columns of the pixel electrodes with a third pitch different from the first pitch, a 
fourth pitch different from the second pitch, and a product of the first and the second 
pitches equal to a product of the third and the fourth pitches. 

Preferably, the state of reflection is controlled by one of (i) controlling an 
alignment of a liquid-crystal layer disposed over the corresponding one of the pixel 
electrodes, and (ii) controlling an angle of the corresponding one of the pixel 
electrodes. 

This invention also provides embodiments of methods of forming the display 
devices. 

toikf nRsranmnNT of thk drawings 
Fig, 1 illustrates an embodiment of a display device according to this 
invention; 

Fig. 2 illustrates the positional relationship between a pixel electrode and a 
control element in a single pixel in the display device of Fig. 1; 

Fig. 3 is a layout view of the display device of Fig. 1; 

Fig. 4 is a layout view showing the positional relationship between a pixel 
electrode and a control element in a single pixel in the display device of Fig* 3; 

Fig. 5 shows a wiring configuration of a display device according to this 
invention; 

Fig. 6 is a layout view showing a wiring configuration of the display device of 

Fig. 5; 

Fig. 7 is a layout view showing the wiring configuration and the positional 
relationship between the a pixel electrode and a control element in the display device 
of Fig. 6; 

Fig. 8 shows the positional relationship between pixel electrodes and control 
elements in two pixels in the display device in an embodiment of the invention; 
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Figs. 9 A and 9B show the configuration of the control elements used in the 
display device of the invention; 

Figs. 10A-10C show the configuration of the pixel electrodes used in the 
display device in one embodiment of the invention; 

Fig* 11 is a circuit diagram showing the construction of a conventional display 

device; 

Fig. 12 is a layout view of the display device of Fig. 1 1; and 

Figs. 13A and 13B show a layout view and a circuit diagram, respectively, of a 
single pixel of the display device of Fig* 11. 

DETAILED DESCRIPTION OF PRFFERRF.D KMBODIMENTS 

This invention was first disclosed in Japanese Patent Application No. 
11-341650, which is hereby incorporated by reference in its entirety. 

Preferred embodiments of the display devices of this invention are discussed 
below with reference to the drawings. 

Fig. 1 is a conceptual view of an exemplary embodiment of the display devices 
of this invention. Fig. 2 is a conceptual view showing the positional relationship 
between a pixel electrode and a control element in a single pixel in the display device 
of Fig. 1* la these views, squares and rectangles represent pixel electrodes and control 
elements, respectively. The squares and rectangles shown in Figs. 1 and 2 represent 
areas to form the pixel electrode and the control element, and the pixel electrode and 
the control element may actually have various structures formed within respective 
areas* 

Referring to Fig. 1, a display device 10 of this invention includes, on a 
semiconductor substrate (not shown), an array of a plurality of reflective-type pixel 
electrodes 12 for reflecting incident light, and an array of a plurality of control 
elements 14, stacked correspondingly below the plurality of the pixel electrodes 12, 
for controlling the state of reflection of light from the plurality of the pixel electrodes 
12. 

In this embodiment, each pixel electrode 12 is formed in a square region. That 
is, the pixel electrodes 12 are arranged with the same pitch in the direction of rows 
(i.e., in the horizontal direction in Fig- 1) and in the direction of columns (i.e., in the 
vertical direction in Fig. 1). The control elements 14 are arranged with different 
pitches, one pitch in a first direction angled at 45° to the direction of rows, and with 
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the other pitch in a second direction perpendicular to the first direction. Row drive 
lines and column drive lines are respectively arranged in the first direction and the 
second direction. Although each two row drive lines 16 may be paired together as 
shown in Fig- 11, only a single row drive line is shown in Fig. 1 for each row of the 
control elements 14 for simplicity. 

Referring to Fig. 2, the pixel electrode 12 is formed in a square region having 
an aspect ratio of 1:1, while the control element 14 is formed in a rectangular region 
having an aspect ratio of 2:1. The areas of the two regions are equal to each other. In 
this embodiment, the aspect ratio of the area for forming the control element 14 is 2:1, 
and the area is angled at 45" to the pixel electrodes 12. Depending on the aspect ratio 
of the control element 14, the inclination angle of the control element 14 to the pixel 
electrode 12 may be selected to be any angle within a range greater than zero and 
smaller than a right angle (Le., 90°). 

Fig. 3 is a layout view of the display device of Fig. 1. Fig- 4 is a layout view 
showing the positional relationship between a pixel electrode and a control element in 
a single pixel in the display device of Fig. 3. In these layout views, structures of the 
pixel electrode and the control element formed within the areas 12 and 14 shown in 
the views of Figs. 1 and 2 are shown. As shown, nine control elements 14 are 
respectively arranged for an array of 3 x 3 pixel electrodes 12. The row drive lines 16 
and the column drive lines 18 are respectively arranged in the first direction and in the 
second direction. That is, in this embodiment, the row drive lines 16 extend in the 
direction of rows of the array of control elements 14, which is inclined from the 
direction of rows of the array of pixel electrodes 12. Similarly, the column drive lines 
18 extend in the direction of columns of the array of control elements 14, which is 
inclined from the direction of columns of the array of pixel electrodes 12. 

Referring to Fig. 4, the rectangular region 14 forming the control element is 
separated in two square regions by a center line represented by the broken line A. The 
lower-left one of these square regions 14' is a P-well region, and an NMOS transistor 
26 is formed in a central, rectangular area in the lower-left square region. The upper- 
right square region 14" is an N-well region, and a PMOS transistor 24 is formed in a 
central, rectangular area in the upper-right square region. Lines 16' diagonally 
extending from the upper left to the lower right respectively serve as gates of the 
transistors. The gates of the plurality of control elements are connected and form the 
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row drive lines 16. The lower one 18 of two lines extending over the control element 
14 diagonally from the upper right to the lower left serves as the column drive line. 
The PMOS and NMOS transistors are configured with ones of the sources and drains 
thereof connected to the column drive line, and with the others of the sources and 
drains thereof connected together to the pixel electrode at the center of the control 
element 14. Hie upper one 17 of two lines diagonally extending over the control 
element 14 from the upper right to the lower left serves as a line for supplying a power 
supply potential to the well. Fig. 4 shows the line 17 that supplies an N well with a 
Vdd power supply potential. A line 19 for supplying a P well with a ground potential 
is arranged within the region of another control element as shown in Fig. 3. 

In the square area 12, a square shaped pixel electrode 12a is formed using a 
substantial portion of the square area 12. In a reflective-type liquid-crystal display 
device, a fixed metal electrode is formed as the pixel electrode. 

In this Invention, the array of the control elements 14 is arranged 
correspondingly to the array of the pixel electrodes 12, even if the control elements 14 
fail to match the pixel electrodes 12 in shape. That is, this invention may be 
implemented in any reflective-type display device, such as a reflective-type, liquid- 
crystal display device, or in a digital micro-mirror device. In the digital micro-minor 
device, a movable minor is formed as the pixel electrode, and the angle of the 
movable pixel electrode controls the state of reflection of the pixel electrode. An 
example of the construction of the digital micro-mirror device is described in U.S. 
Patent 5,061,049, hereby incorporated by reference in its entirety. 

The arrangement of the control elements shown in Fig. 3 is actually different 
from the arrangement shown in Fig. 1. That is, in Fig. 1, columns of control elements 
14 axe aligned in the direction of the rows (the first direction). In Fig. 3, adjacent 
columns of control elements 14 are shifted from each other by a half of the pitch in the 
direction of the column (the second direction). Either arrangement can be provided in 
this invention. 

To display an image corresponding to a video signal/ a display device 
successively selects one of the row drive lines while scanning the column drive lines, 
and thereby successively selects control elements at intersections of the selected row 
drive line and the column drive line. A series of image data is synchronously applied 
to the column drive lines. In a conventional display device, such as shown in Figs- 11 
and 12, row drive lines 16 and column drive lines 18 of the array of control elements v 
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14 extend in the directions of the rows and columns of the array of pixel electrodes 12. 
That is, rows and columns of the pixel electrodes 12 directly correspond to the row 
and column drive lines 16 and 18 of the control elements 14. Therefore, by applying 
video data including a series of image data in an ordinary order, i.e., in an order 
corresponding to the rows and columns of the pixel electrodes, the image is properly 
displayed. 

In a display device 10 according to this invention, such as shown in Figs. 1 and 
3, however, the correspondence between the rows and columns of the pixel electrodes 
12 and the row and column drive lines 16 and 18 is different from that in the 
conventional display device, such as shown in Figs. 11 and 12. That is, the row drive 
line 16 extends in the direction of the row of control elements 12a and not in the 
direction of the row of pixel electrodes 12; and the column drive line 18 extends in the 
direction of the column of the control elements 14, and not in the direction of the 
column of the pixel electrode 12. Therefore, control elements 14 are selected, and 
thus pixel electrodes 12 are controlled, by the row and column drive lines 16 and 18 in 
an order of element 1 -* element 2 ~* element 3 as shown in Fig. 1. Because this 
scanning order is different from the standard scanning order, the order of the image 
data should be modified so that the image is properly displayed. 

For example, a conversion circuit (not shown) is integrated on the same 
semiconductor substrate* The conversion circuit receives a video signal including a 
series of image data in an order corresponding to the rows and columns of the pixel 
electrodes 12, and converts the order in accordance with the correspondences between 
the row and column drive lines 16 and 18, or the rows and columns of the control 
elements 14, and the rows and columns of the pixel electrodes 12. Alternatively, 
matching between the order of image data and the order of scanning is achieved by 
arranging the row drive lines 16 and the column drive lines 18, as explained in detail 
below with reference to Figs. 5-7. 

Fig. 5 shows a conceptual view of another exemplary embodiment of the 
wiring configuration of the display device of this invention. Referring to Fig. 5, a 
display device 20 includes row drive lines and column drive lines which respectively 
extend in a zigzag fashion in the directions of rows and columns of the pixel 
electrodes 12- Each two rows drive lines 16 may be paired as shown in Fig. 11 (Fig. 5 
shows only a single row drive line 16 for each control element 14 for simplicity). 
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The layout configuration is now specifically described Fig. 6 is a layout view 
showing another wiring configuration of the display device corresponding to the 
conceptual view of Fig, 5. Fig- 7 is a layout view showing the wiring configuration 
and the positional relationship between a pixel electrode 12 and a control element 14 
in the display device of Fig, 6. The structure within the control element 14 shown in 
Fig. 7 is basically identical to that shown in Fig- 4, except that the row drive lines, the 
column drive lines, and the lines for supplying the power supply potential to the wells 
extend in a 2igzag manner. In Fig. 7, the lower-left square region 14" of the 
rectangular control element 14 is an N-well region, while the upper-right square 
region 14* is a P-well region. Fig. 7 also shows a power supply line 19 for supplying a 
ground potential to the P well. The layout configuration shown in Fig* 6 includes 
basic cells shown in Fig. 7 and three other types of basic cells formed by mirror- 
inverting the basic cell shown in Fig- 7. 

With this wiring configuration;, the illustrated display device 20 successively 
selects the row drive lines 16 while scanning the column drive lines 18 to display an 
image corresponding to video data. The control elements 14, and thus the pixel 
electrodes 12, are selected in the order of element 1 -* element 2 element 3 as 
shown hi Fig. 5, with a standard scanning sequence of the row and column drive lines 
16 and 18. Unlike the display device 10 shown in Fig* 1 7 the display device 20 shown 
in Fig. 5 needs no operation for modifying the order of image data, and is thus treated 
in the same way as a conventional display device, such as shown in Figs. 11 and 12. 

In the exemplary display devices 10 and 20 of this invention, in principle, a 
one-to-one correspondence is assured between the pixel electrodes 12 and the control 
elements 14. However, a plurality of types of cells of control elements 14 may be 
used in a two-to-two or, more generally, plural-to-plural correspondence with the 
pixel electrodes 12, and this structure may be periodically arranged. As long as the 
pixel electrode 12 partly overlaps the corresponding control element 14, there is no 
other requirement in the positional relationship between the pixel electrode 12 and 
control element 14. 

In the above-described embodiments shown in Figs. 3 and 6, the pixel 
electrodes 12 are arranged with the same pitch in both the direction of rows and the 
direction of columns, while the control elements 14 are arranged in an array arranged 




10 

in the first and second direction, respectively, at an angle with the directions of rows 
and columns. 

This invention is not limited to this arrangement. The pixel electrodes 12 may 
alternatively be arranged in an anay with the same pitch in the direction of rows and 
in the direction of columns, while die control elements 14 are arranged in an array 
with different pitches, one pitch in the direction of rows, and with the other pitch in 
the direction of columns. 

Fig. 8 is a conceptual view showing the positional relationship between pixel 
electrodes 12 and control elements 14 in two pixels in another exemplary embodiment 
of the display devices of this invention. As shown, two rows of pixel electrodes 12 
are arranged correspondingly to a single row of the control elements 14. The pixel 
electrodes 12 have an aspect ratio of 1:1 and are arranged in an array with the same 
pitch in the directions of rows and columns. The control elements 14 of this 
embodiment are not inclined to the pixel electrodes 12, but have an aspect ratio 
different from that of the pixel electrode 12. That is, the control elements 14 have an 
aspect ratio of 4:1 and are arranged in an array with different pitches, one pitch in the 
direction of rows and the other pitch in the direction of columns. 

The area of the square region 12 to form the pixel electrode is equal to the area 
of the rectangular region 14 to form the control element, and the pixel electrodes 12 
partly overlap the corresponding control elements 14. In other words, the square of 
the arrangement pitch of the pixel electrodes 12 is equal to the product of the 
arrangement pitches of the control elements 14 in the directions of the rows and the 
columns. If the region to form the pixel electrode 12 has a rectangular shape, the 
product of the arrangement pitches of the pixel electrodes 12 in the directions of rows 
and columns is equal to the product of toe arrangement pitches of the control elements 
14 in the directions of rows and columns. 

A combination of the two pixel electrodes 12 and the two control elements 14 
shown in Fig. 8 is treated as a unit Such units are periodically arranged in an array to 
construct the display device of this invention. As shown, the aspect ratio of the 
control element 14 is 4:1, and the pixel electrodes 12 and the control elements 14 
combined in a two-to-two correspondence are periodically arranged. 

However, this invention is not limited to only this arrangement. Rather, 
depending on the aspect ratio of the control element 14, any suitable plurai-to-plural 
correspondence between the pixel electrodes and the control elements can be adopted. 
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In this invention, the shape of the area to form the pixel electrode 12 is not 
limited to a square, and the shape of the area to form the control element 14 is not 
limited to a rectangular shape. Referring to Figs. 9A-10C, variations of configurations 
of the pixel electrodes 12 and the control elements 14 are shown. In Figs. 9A and 9B, 
solid lines represent areas to form control elements 14. In Figs. 10A-10C, solid lines 
represent areas to form pixel electrodes 12. 

The array of the control elements 14 includes any array, which may be 
regarded as an array of substantially rectangular shapes, even if the area to form the 
QOntrol element is not completely rectangular. Referring to Figs. 9A and 9B, the areas 
surrounded by solid lines are variations of the rectangular-shaped unit cell areas 
represented by broken lines. Arrangements of control elements 14 shown in Figs. 9A 
and 9B fall within tfie scope of this invention. There is no particular limitation on the 
shape of the control element 14. For example, a combination of triangles or 
pentagons may be periodically repeated. 

Also, arrangements of pixel electrodes shown in Figs. 10A-10C all fall within 
the scope of this invention. Shapes of the areas to form pixel electrodes represented 
by solid lines are mere variations of squares represented by broken lines. 

The conventional switching circuit shown in Fig. 11 may be employed as the 
circuit arrangement of the control element in embodiments of this invention. The 
layout configuration of the control element 14 is not limited to any particular 
configuration and may be freely modified. In addition to the switching circuit; the 
control elements 14 may also include a capacitor. 

As discussed above, in the display devices of this invention, an array of control 
elements is arranged to correspond to an array of pixel electrodes arranged in an upper 
layer even when miniaturization of the control elements does not permit the shape of 
the control elements in a lower layer to match the shape of the pixel electrodes. This 
invention thus provides a compact and high-resolution reflective-type display device, 
which is thus easy to design, and is appropriate for use in projectors and various other 
devices. 

This invention is not limited to the above-described embodiments, and various 
changes and modifications may be incorporated in this invention without departing 
firom the scope of this invention. 



